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I  INTRODUCTION 

Sonar has been used lor detection and communication in the ocean 

for many years.  The effect on sonar of a geographical variation in the 

sound-speed profile of the ocean has received considerable attention as 

more precise and sensitive use has been made of acoustic signals in the 

ocean.  However, relatively little attention has been focused on the 

smaller-scale variations in the oceans-in particular, the internal 

waves, which not only provide variations in space (on scales of a fc 

hundred meters vertically and a few kilometers horizontally), but also 

introduce the new dimension of time variability (on a scale of a few 

hours). 

The theory of sound propagation through internal waves has not yet 

been fully developed, so that many questions of a qualitative nature a 

open.  We have written a computer code to answer some of these questions, 

taking advantage of the advent of the use of the parabolic equation methoc 

in underwater acoustics,1"'* and the existence of internal-wave models 

derived from oceanographic measurements.4 With certain restrictions (to 

be described) the full acoustic-wave field can be propagated through an 

ocean with variable sound speed, and the resulting long-range transmission 

characteristics can be studied. 

are 

References  are   listed  at   the  end  of   the   report, 
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Consider the acoustic pressure in the ocean as p(r,t).  The wave 

equation for p is 

c  at 

whore   it   has  been  assumed   that   the   sound   speed   c(r,t)   varies  slowly  with 

position  and  that   the  water density,   as   far as   its effect  on   inertia   is 

concerned,   is essentially  constant.     Hence,   the  quantity   that  determines 

the   structure   and  behavior of  the  pressure   is   the   sound   speed  c(r,t). 

In  the   following  sections  we  present a  model  for  the  expected   sound- 

speed   structure   in   the  ocean,   the  parabolic equation  approximation  to   the 

wave  equation and  the  reasons   it   is  valid  for  our model   of   the   sound-speed 

structure,   and  the  computer code  that  has  combined  the  model  of   internal 

waves  and   the parabolic equation  method   into a   useful  apparatus   for  studying 

oceanic   sound   transmission. 

Initial   results  obtained  through  use  of  our  code  are  given   in  Ref- 

erence  6. 

J 2 
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II  OCEAN SOUND-SPEED STRUCTURE 

A.  Dctorminlscic Profile 

On the scale of the depth of the ocean (4 to 5 km) the sound speed 

as a function of depth, z, is determined by the gross behavior of the 

density, temperature, and salinity.  We use the profile derived by Munk,5 

whoso input is an exponentially decreasing density gradient.  The result- 

ing "canonical" profile is 

c  (z) = 
CP =  c1{

1   +  e   C6"11 " (1-T])]l 

where  T] 
z-z 

^B 

Note that c(z) has a minimum at z^ that the width of the minimum is B, 

and that the deviation of the sound speed from the minimum value c  is 
1 

ol order c . 

Typical (though not universal) values for the parameters ar. 

zA - 1300 m 
A 

B = 1300 m 

e  = 0.74 x 10 

c = 1500 m/s 

See Figure 1* for a graph of c  (z) using these parameters. 
LI 

Illustrations are grouped at the end of the report. 

3 
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One  must  point   out   that   realistic  ocean  profiles   in  most   cases  have 

significantly  different   behavior   from  this general   form.     For example, 

within  a   low  hundred  meters  of   the   surface  a  mixed   layer usually   results 

in   a   lowered   sound-speed  gradient.     However,   we   ignore   these   details   in 

the  present   version  of   the   code, 

B. Internal   Waves 

The   density  gradient   in   the   ocean   leads   to  the  possibility  of  waves 

traversing   the   volume   of   the  ocean  just   as   the  density  discontinuity  at 

the   surface   leads  to   the  possibility  of   surface  waves.     The  density 

gradient   is  usually  presented   in   the  form 

N(z) 
-po&z 

1/2 

whore  N(z)   is  called   the   local   stability   (Brunt-Vaisäla)   frequency. 

Munk's  model  for N{z)   is 

N(z)   =  n e 
o 

-z/B 

where n = 4 cycles/hr. 
o 

Let w(r,t) be the displacement of a particular density level from 

its mean position.  It can be shown that w satisfies the equation: 

-v 2 
dt 

IV wl + N (z)V w = 0 
h 

The eigenmodes of this equation can be found by taking 

i[k1xtk2y-U)(jJk)t] 
w = W(,j,k,z)e 



r^—2 wiiere  k =   ^ k      +  k        = horizontal wave  number 

Substituting,   we  have 

2     , 2 
o ..."       N  (z)   - ui 

W     -i     k W = 0 

Modifying this equation to account for the rotation of the earth we fincl 

/ N (z) - CU  1,2; w + "i—r   k ,v =o 

V^ -"i / 

wlicre uj. = inertial frequency = (2 cycles/day )sin (latitude). 

Boundary conditions arc W(z) = 0 at surface and bottom.  Thus, for 

a given horizontal wave number there are a discrete infinity of solutions 

to this equation labeled by the mode number ,j , witn frequencies uj(j,k). 

The sound-speed fluctuation profiles caused by each internal wave will 
2 

follow the depth structure of N (z)W(j,k,z).  Several examples of such 

profiles are shown in Figure 2. 

The sound velocity fluctuations caused by a full internal-wave field 

will be 

^(j.^.yo 

■ 

iw "    -^ / . ^j-vv0 r(z)w(j,k,z); 
•j'ki'k2 

The difficulty of integrating this distribution over the x-z plane 

(because we will propagate sound only in the x-z plane vith the acoustic 

transmission code) has caused us to consider a simplified version of the 

internal-wave spectrum where internal waves are propagated only in (or 

opposite to) the direction that the sound waves propagate.  In addition, 



we combine real and imaginary parts to reduce fluctuations in the overall 

energy in the interna] waves as a function of time: 

'iw  ^ö" Re A + Im A 

A = ^ A(j,k) W(j,k,z)N
2(z) e^-^J.lOt] 

where W(j,k,z)   is  normalized  so  that 
z 
/max 4 

N(Z z)W  (.j.k.z)  dz =  1, 

The  A(j,k)   are  complex  Gaussian   ra aridom  variables.     From  a   synopsis 

of diverse  oceanographic measurements,   Garrett 

the  following model; 
and  Munk     have  proposed 

<A(j)k)A*(.j' X))  = e    /8    y   ^ fie 
c 

z=0 

4u)vk J^-lXj.)^"1 

11   (J+JJ 0        * 

a 

where  j^ 3,  a = 2.5,   and L  is  the horizontal  periodicity  length over which 

the   internal  waves  are  generated   (because  we  are generating  k  in discrete 

steps  rather  than as a  continuum).     The   relative   intensity  of  the  varic 

modes  is  shown   in Figure  3. 
Lous 

i * •'■ 



Note that the magnitude o±  the sound-speed fluctuation due to in- 

Icrnal waves is 6c/c ~ 10  , a Cactor of one hundred below the magnitude 

of the deterministic structure.  Also the spatial behavior of the sound- 

speed variations due to internal waves is of the order of a tew hundred 

meters vertically and several kilometers horizontall1 .  Internal-wave 

frequencies vary Irom n  = 1 cycles/hr tor the lowest mode to one cycle/day 

tor the high modes (,j ^ 20).  Figure 1 shows some typical sound-speed 

profiles due to internal waves. 

C.   Final Expression tor Sound-Speed Structure 

The sound speed as a function of position and time is given by 

cCt-.t) = ccpU) +^ciw 

= c 
.(' ^ -) 

where 

5c 

c 

OCIO"4) 

Hence, the deviation in sound speed from a constant value is always small, 

and we may write, for example, 

1 L_ K ..26c] 

C    Cl 

This expression will of course appear in the wave equation, 
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IN     THE  PARABOLIC-EQUATION  METHOD 

A.       Introduction 

The  parabolic-equation  method was  originally developed  by  Leontovich 

and   Fok  in  L946   to  study   Long-rfinge  propagation of   radio waves  in  the 

troposphere.        This  method   was   introduced   into   the   field   of   underwater 

acoustics  by Tapper!   in   1972.   and  a  computer  program  based   on   this method 

was  de/eloped  by  Tappert  and  Hardin  to  solve   acoustic  propagation  problems 

oj   interest   to  the  Navy.   '" 

B. Approximntions and Ranges of Validity 

The wave equation tor acoustic pressure p(r,t) is 

v2 l      J2P 
P " !>  2  ^ 0  • 

c at 

Since  the   time   variation  of  c   takes  place  over hours,   and   the   acoustic 

frequencies will  be   in   the  range]of -200 Hz,   we may  treat   sound  propa- 

gation  at  any   time   as   though   the  ocean  structure  were   frozen. 

Hence,   a   particular acoustic   frequency OJ  would  be  unaffected  by   tlu 

ocean  and  we  may   set 

p =  p e 
■luut 

2 / 2 . 
V   p     )-   k  p     =  0 wlie re   k 

UO 

'■'!i 

«.v^,-.,■.,•; 



.2        w2   (,       26 c\        2 / 26 c \ 

2/ 2 2 6c    / 
" 7   li      (■   k  p'    -   2 k"  —  p     =  0   , 

i) 6   c 

Neglecting   the 6c/c   term   initially,   the   solution   in  cylindrical  co- 

ordinates   is 

P    «   II   (k   i)       —z^ 
o    o \r 

so we  try   for   the   lul.'   solution: 

p    = \1/   (r,z,cp)H   (k  r) 
1 o    o 

where   the  reduced  wave   Cunctlon •/   is  labeled  by  the   time   t,   because   the 

5c/c  structure  of   the  ocean  is  different  for different   times.     Substitut 

Lng p'    In  the   full equation we   lind: 

II v":   +   IV H     »•  2  r-^    Jl +  k2!!  Y   -  2k2 — H Y = 0 
o o ororoo oco 

r     k r » i; 
o 

dH 
o / 1 
   =   i k   (1 +  o 
or ol 2ik  r 2 

\ o k 
o 
i) "■' 

.. „2,,        1 dY        ,   ,      aY 2  6c w ' V   i +   2ik    : 2k    — Y  =  o 
r or o or o   c 

^2 
o y 

2 2 
i 3 v    a Y oi 

_   2 2      2      ^2 o or o   c 
or r    öcp oz 

The key   to  the  parabolic-equation method   involves   the  following 

physical  approximations,   based  on   the  structure   of  öc/c: 

10 



k  v »   1 
o 

• <Li«2ik  ai 

Valid   IT   the  objects   off which   the   acoustic  waves  are   scattering  have 

sizes   that   are much   larger   than  a  wavelength.     This   is equivalent   to 

having  only   relatively   forward   scattering,   which   results   in  small  changes 

in \j/   over an  acoustic  wavelength.     Let  L    be   the   vertical   scale  of  sound 
v 

speed  variations.     Then  k L    »  1   is  required.     Note   that energy  scattered 
O    V nj 

at   large  angles   Is   removed  by   the  ocean bottom anyway, 

# LI ^ _L LI <,- ö> 
_   2 "      2        2 2 
di" r    äcp Qz 

This   is   true  because   the  canonical  profile,   which   is   100 times   larger 

than   the   sound-speed   fluctuation  of   tlie  internal  waves,   affects   the  z 

coordinate  only.     More   importantly,   however,   the   internal-wave  gradients 

in   the   vertical  are   an  order of  magnitude greater  than   the  horizontal. 

The  approximate  wave  equation  is   therefore 

1      Ö    ij/ ,0c, .0^ 

o az 

To  summarize   the  approximations   required  for   this  parabolic equation   to 

be   valid,   wc  need   the   following quantities: 

U)iW = LarSest  frequency   involved  in the   internal-wave  spectrum 

*»  4  cyclos/hr 

LH    = Minimum  horizontal   scale  of  sound-speed  fluctuations 

^  1  km 

11 



Ly  -   Minimum   veiMical   scale   of   sound-speed   fluctuations 

«a  2Ü0  m. 

Validity of  the parabolic equation   requires; 

(1)       O!   »   UJ 
I\V 

(2) k r >    1 
p 

(3) L    »  L 
H V 

(4) k L    »   1   . 
o  V 

Requirement  3  Is  well   satisfied by  our  Internal-wave  model.     Re- 

quirement    1   sets  a   lower   limit   OP   the   frequency we   can   treat: 

1    Cl 
freq » — —       1   Hz     . 

Jv 

Requirement 1 is subservient to Requirement 4.  Requirement 2 sets a 

lower limit on the range ol sound transmission: 

1 
R >' —-^ 25 m for 10 Hz  , 

k 
o 

Thus, any experiments with frequencies of 10 Hz or higher over ran 

of (10)/k() or longer should be well treated by the parabolic equation. 

This includes all problems of interest at present. 

C*   Analogy with Quantum Mechanics 

The Schrodinger equation in nonrelativistic quantum mechanics is 

2 
1 ö 'l' M 

- o ~>  +   V(z^ - 1 — • (2) 2m  2 at ^; 

ges 

12 



Wo  soe   thai   our parabolic equation   (1)   is of   the   same   form  if  tlio 

analogies  are  made  as   follows; 

Mass   =   k 
o 

' c 
Potential = k    — 

Time   =   fange 

Energy   level  = horizt.i'nl   wave  number 

/ dz \ 
Momentum = angle      ~~"       . 

\ dr / 

Many  characteristics  of  underwater  acoustics  can  be  easily  understood 

on   the  basis  of   this  analogy.     We  will  give   two examples  for  transmission 

with  6c/c  given by   the  canonical  profile   (no internal  waves): 

(1) Rays—Consider  a   narrow wave   packet with   velocity   v  propagating 
2 

in  our potential  well   Fsce   Figure  5(b)].     As   long  as imv    <  V 1 < max 

the packet: will bounce back and forth inside the well.  The 

analogy says that as long as ik0G « k0 (6c/c)max, a ray start- 

ing from the sound axis with 9 will bo contained within the 

sound channel (see Figure 5(a)]. 

(2) Ground State—Forming a wave packet with the form ^0(z) where 

\J'0 is the ground-state wave function of the potential V(z) would 

result in an acoustic field propagating in range with no change 

in structure—i.e., no spreading of the wave packet (see Figure 6). 

13 
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IV    NUMERICAL REALIZATION OF  THE   INTERNAL-WAVE  MODEL 

A. Einonlunct ion  ^termination 

7 
A progratn   (ZMODE)     was   used   to  numerically  generate   the  eiKenfunctions 

W(.i,k,z.)   and   frequencies u)(j,k).     Several  modifications   to ZMODE  were   re- 

fill Ire d : 

(1) An   increase  of dimensions  so  that   128  values  of  k  and 256   values 

of  /. can be   treated. 

(2) inclusion of  the   inertlal  frequency a)  . 
i 

(3) Change  of   the   initial  guess  forouCj.k). |Y   (0)   =  (m-|)it  instead 

of   (m-i)rr,| 

B, Range   of   j   and   k 

Modes with 1 - j - 24  are included.  Values of k range from (k  /128) 
max 

to (127/128)^^ in 127 equal stops.  Both positive and negative values of 

k are included, making a total of 254 values of k.  'mo value of k   is 
max 

I cycle/km at present.  Thus a total of 254 x 24, or 6096 separate modes, 

are generated. 

C.   Generation of 6c 
 IW 

The steps in generating the sounds-speed deviations caused by internal 

wa ve s , 6 c  , a re a s foil ow s: 

(1)  The 6096 different A(j,k) are generated according to a 

Raylelgh probability distribution in amplitude, and 

15 
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^p 

variance given by  the   spectrum described  in Section   II.     The 

phase  angle  oJ  each  A(j,k)   is   randomly  generated   in   the   region 

()   ,0 -   •     Thus,   12192   random  numbers  are  needed. 

(2)     For each  J   value,   the   values  of   k  are   stepped   through,   calcula- 

tion  of   the   function  U(.j,k,z)   is  accomplished,   and  a  matrix 

element   is   Incremented until   the   following  complex matrix  is 

compie ted: 

M(k,z)   =EA(j,k)N2(z)W(d,k,Z)ei(U(J'k)t 

(3)     The   value   of  6c       at   range   r  and  depth  z   is   the  Fourier   transform 

of  M(k,z):     Mr,z)   = E M(k,z)eikl'.     The   matrix A   is  calculated 

from M  by   the   fast-Fourier-transform  technique.     The   values  of 

r at  which A   is  known  are   0 <   r ^  256-/k in  stoos  of   a/k 

In   the  present  code   this moans  0 <  r  -   128 km;   the   code   simply 

repeats  the   structures   it  has,   every  128  km. 

We   repeat   that 

c 

6c       = —  | HeA +   Irmj]   . 
in 2 

Hence we have the internal-wave sound-speed deviations at 

time t on a grid of 128 km by 4 km with 256 points horizontally 

and 256 points vertically.  (Step size ~ 16 m vertically and 

0.5 km horizontally.) 

(4)  The propagation section of the code may need the value of 6c 
IW 

on points off the above grid.  The code allows division of the 

grid into a finer grid by powers of two, with the values of 

8c
]W 

on the rilie grid being obtained by cubic spline interpola- 

tion (see Appendix), 

16 



(5)     The   25.J   >   256  grid   of   6cjw   values   is   kept:   in   Large   Core   memory 

(or   fast   access  during   the   sound-propagation   phase   of   the   code. 

When   the   values  of  Sc^ at  a   new   time   t   are desired,   the  entire 

procedure   is   repeated   with   a   new   time   t,   with   two  exceptions; 

first,   the   random  numbers  do  not   need   to be  generated   again, 

and   second,   the  eigenvalues üU(j,k)   do  not   need   to   bo   calculated 

again  because   they  have   been   saved   in  computer memory.     Due   to 

storage   limitations,   however,   the   functions  W(,j,;.,z)   must  bo 

recalculated   at   every   t;,   since   they   have   not   been   saved. 

17 
■ 
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V     NUMERICAL PROPAGATION  OF   THE  ACOUSTIC  FIELD 
USING  THE   PARABOLIC  EQUATION 

A.       Algorithn 

We must numerically solve the parabolic equation 

BY    i d2 

- = ^7 n " ik — Y = i(A + B)'! 
ii    ^ik    ^   A o    c 

where   reference   to   the   variable   z   is   suppressed,   and  where  A  and  B are 

real   operators.     The   first-order  solution,   useful   lor a   numerical  method, 

is: 

■ ,   dr     •„ . dr 

\l/ /■    ,  i   \ lA -jj-     iBdr   iA -TT 
V(r+dr)   ^ o        ^   o e 2   \|/(r) 

Since   step  follows   step,   we  use 

w/ ,   x iAdr  iBdr,,, 
Ur +  dr)   = e        e T(r) 

Evaluation  ol  e is  straightforward—it   is  a   complex  number with  unit 

modulus.     Evaluation  of  e    ^   is  more   complicated  since  A   is  a  differen- 

tial  operator: 

iAdrJ,   x       „-I     iAdr e ii(z)   = F      e Fl^(z)] 

F   is  a   fast-Fourier-transform  operation,   and 

A = - -i- k2 

2ko 

in   k-space. 
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This algorithm is Cast, and also it is very stable, since the total 

acoust i c- ene rgy 

/"hi2 y ivi dZ 

is exactly  conserved  as  a   Cunction  of   r.     This   is  because   the  operations 

"ii  \ (r)   are exactly  un Itary. 

B,        Acoustic   .Sour ce 

The acoustic field may be started with any Junction of depth.  The 

present code models a point source, at a depth provided as input, with 

unit Strength at 1 yard. 

c-   Surface Boundary Condition 

The reduced wave function ^ must be exactly zero at the ocean sur- 

face (pressure release boundary condition).  In order to ensure the 

proper application of this condition, a "reflected ocean" is carried 

along with the real ocean.  In the reflected ocean is an image source 

of the same strength as the real source, but reflected in Position and 

180" out of phase with the real source (see Figure 7). 

1J.   Bottom Absorpt ion 

In order to avoid reflection off the ocean bottom, a gradual loss 

of intensity is imposed on f(z) as z „ears the ocean bottom.  The func- 

tional form of the imposed loss is 

V (r+dr) = L(z)e   c   \}/(r) 

L(z) = exp {- Q- d r o 

z-z max 
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The  code  has  at   present 

a  - 0.05/m 

ß   =   0.04   /. 
max 

This   Eorm effectively  stops any acoustic energy   from penetrating 

below about:   500 m  above   the   bottom.     Even   this   form  does  cause   some 

reflection  off   the  bot torn at  a   low-intensity   level,   lor  long-wavelength 

sound. 

E, Number of Depth Points 

The maximum number of depth points in the real ocean allowed by the 

code is 1024 (the number used must be a power of two). 

F. Size of Rangg Step 

The size of the range step should not be too largo or the numerical 

algorithm will break down.  Experience has indicated that 0.5 km is a sale 

step at 100 Hz and 0.25 km is safe at 400 Hz. 
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VI      FORMAT OF  SAVED   DATA   FROM COMPUTER  RUNS 

As   the  sound-propagation  code   is   run,   various quantities  are   put 

on  magnetic  tape,   much   in   the  manner  of  an  actual   Cield experiment.     The 

tapes   can   then   be   separately   analyzed. 

At   the  present   tx\e  output  consists  of   the   Collowing  logical   records: 

(1) An   Identification   record   (see  Table   1). 

(2) A  number of  data   records  containing   the  acoustic   field  at 

various  points   (see  Table   2).     For each   time   step  the   full 

acoustic   field   is  output   for   12   values of   the   range,   and 

the  acousxic   field  at   four  selected depths  is  output   for 

all   values  of   the   range. 

(3) An   end-of-lile  mark. 
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Table 1 

rDENTIFICATION RECORD 

Word Number 

1 

2 

3 

•1 

5 

6 

7 

8 

9 

in 

11 

12 

13 

Quantlty ■ nrni;i 1 

Number of words IOIlowing 

Frequency (Hz.) 

c, (m/s) 

zmax (m) 

GW (in) 

FGW (m) 

dr (in) 

ko (nr1) 

dz (m) 

?. (m) 

Source depth (m) 

Number of depth points 

1,'1 ie|r2   K 

15 - 

16 - 

17 - 

18 Cj   (m/s) 

19 2A  (m) 

20 B   (m) 

21 g   (s"1) 

22 No   (s-1) 

23 uji   (s"1) 

21 - 

25 ^ in ax 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

I 

I 

F 

F 

F 

F 

F 

F 

-F 

F 
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Table   1   (Concluded) 

Word Number 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

Qn n nIi t y 

NZ (internal wnvos) 

Kmax 

.N'K (i nternal waves) 

NMODE (internal waves) 

l<(fc/c)2)lz=0]* 

TIW 

Number of  range  SLOIJS 

Number  ol   lime   steps 

Time-stop   interval 

1 ormat 

I 

F 

I 

I 

F 

F 

I 

1 

I 

Word 

1 

2 

3 

'1 

102 8 

2 052 

102 7 

2051 

end 

Table  2 

DATA   RECORD 

Quantity 

Number  of   following  words 

r   (m) 

I   (s) 

Re|\|Kz^)|   starting  from ocean  surface 

Im|\|/(z^)|   starling-  from ocean  surface 

Re\{.' (za, r1),   1 myj/ (za, r j^),   Re\|/ (za, rg),   11114/ (za, r2)... 

until   all   ranges   since   the   last   tape   output   are 

included   for  selected depth  z   .     Then   the   same 

list   for  selected  depths  z^,   zc,   and  z..      (Maxi- 

mum  number of   range   steps  between   tape  outputs   is 

set  at  100.) 



FRECEDIIO PAGE BLANK-NOT FIDffiD 

VI 1     COMPUTER  1{UNNJNG   TIMES 

The  breakdown  of   the  CDC  7600  computer  time   to  run   the  code   is  as 

follows: 

(1) To cenerate   Die  r.C       on  a 2156 x   256 grid   for oacli   time: 
IW   

2 8  CPU   seconds, 

(2) To  step   the  acoustic  i'iold once   in  range 

0.13(N   log N)'/(10 A   1024)   CPU  seconds  where  N  is   the 

number  of  depth  points  at  which   the   acoustic   field   is 

evaluatod. 

Hence   the   total   running  time   is 

_5 
T = NT[28   i-   1.3 X   10     (N   log N)NR]   CPU  seconds 

whe re 

NT = Number of  time  stops 

N  = Number  of  depth  points 

NR =  Number  of   range   steps  at eacli  time. 

Note:     As  Of   September  1974   the   code  has   been  changed   to make  use   of   a 

fast   sine   transform,   and   the  eigenfunctions  W(j,k,z)   are  being  saved  on 

disk.     This  has   resulted   in  a   factor-of-two  increase   in  speed. 
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VI1]     CODE  ORGANIZATION Am  LISTING 

Figure  8   Illustrates   the  program  Elow  and   the  FORTRAN   Listing  of 

the   code   in   Its  present   form   i.s  given   in   the   following  pages. 

29 



^EDim Pw nLAm-mT nm.D 

PRÜGHAM   USEfUOUrPUT . T APE6=ÜUTf'UT f T APE 10 ) 
CQMMUN C(30l 
OIMENSIÜN ICiiQI 
EUUIVALENCECC, ICI 
DIMENSION UPP(a),DBT(8» 
COMMaN/NEACTS/N,LN,NRfNrLÜSS,NIT 

COMMON/AFACTS/FREÜ,SNaRMfZMAX,ÜW,FGWfOR,FKR,DZ,WL»PI,GD 
CÜMMUN/VAR/k,I«,T,ir 
CUMMON/ACÜUST/UK(^0'tb> ,un<?(Hö) 
C0MMON/STUP/ISTÜP 

COMMUN/PHASES/SK(lU2'»»fCK(102^»tSM(lJ24)tCM(l02^» 
COMMON/BFOR/URBI10241,UIB110241,ANGBI102*J 
CÜMHON/MUNK/CA,ZAtZWtGEE 

CÜMHÜN/IWAVES/ENO,FIN£RtQZ,EZMAX,NZfAKMAX,NK,NNaJE,OELC, ♦TIWiJSTAK 
C0MMUN/SAV/SAVR(100,4),SAVI(100,4» 
COMMON/STEP/NSTEP,IST EP,NSAV,DT 
DIMENSION L(U12),LZU) 

DATA «-R/2Ü, 40,60, 80,100,120, 160, 200,2^0,320,400,500/ 
DATA LZ/2!>,102,166,256/ 

DATA ENO,FINER,NZ,AKMAX,NK,NMODE,DELC,TlW,JSTAR/ 
» ^.,0.04,257,1.0,128,24,0.0,2.5,6/ 
DATA T,IT/0.,1/ 

CAtZA,ZW,liEE/1500., 1300,, 1300., 0.0 17/ 
ISTüP/O/ 

FREg,Gü,OPK,SNORM/100.,1300.,1000.,7*0.,1500./ 
N,ORl^M,NR,NTLüSS,ZMAX,FGW /5 i 2 , .25 ,200 ,1,4000. , l ./ 
NBF /!/ 
K,RKM /2*0./ 
PI /3.1415926356/ 

DATA 
DATA 
DATA 
DATA 
DATA 
DATA 
DATA 
R = 0. 
ZÖF=1300. 
IR=1 
GO TO 60 

70 CONTINOE 
CALL TAPEIWU) 
DO 50 IT=l,ISTEP 
MR=1 
NSAV=0 
R = Ü. 
NP = Ü 
T = DT*I IT-ll 
CALL INIT 
CALL PHASE1 
CALL PHASE2 
Oü 10 IR=1,NSTEP 
JR=Müü(IR.^O» 
IF (DELC.EO.O.I GO 
CALL PHASE2 

767 CONTINUE 
CALL ÜHS 
R = K«-UR 
IF lMUD(IR,20l.EU.Ü» 
NSAV=NSAV»i 
DO 14 IDfc=l,^ 
IDP=LZ(IDE» 
SAVH(NSAV,10EI=UR( I DP I 

TO 767 

CALL PRlNTP(URtUI,N,K» 
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14 SAVUNSAVfl 
IF (IR.NE.L 
MR=M«fl 
CALL TAPEIw 
NSAV=Ü 

12 CUNFINUE 
10 CONTINUE 
50 CONTINUE 

WRirE(bt200 
IST0P=1 
CALL TAPEIW 
STOP 

dO   CONTINUE 
NSTEP=500 
FKEQ=100, 
Of. KM-0.5 
DT = 3840. 
NSAV=0 
ÜELC=.Ü004 
ISrEP=32 
01=1*   I EZM 
TP1=2.*PI 
ENU=ENa»TPI 
FINER=FINEP 
AKHAX = AKo1AX 
W6F=25Q. 
LN=ALüG(FLa 
N=2**LN 
DR=0kKM»10Ü 
ÜW=FGW*WL i 
ZKM=ZMAX/10 
RANGt=NSrEP 
WRITE<6t3üO 

♦ iDELC 
100 FORMAT«iHl, 

» ♦ OCEAN DE 
♦ ♦     STEP 
♦ ♦ RANGE *, 
♦ ♦     STEP 
♦ * UELC » , 
WRITE(6,1U0 
WRITE(6,200 

100 F0RMAT(20A, 
♦ 17X,»ALL Ü 
♦ » RAiJGE / 
♦ •   ?♦/ 
♦ •   ?») 

200 FUKMAT(IHO, 
♦ 9X«2.5*9X» 
GO TO 70 
END 

L)E»=UI( IOP» 
RtMR» » GO TO 12 

(2) 

(3» 

S  A| = 512 

AX=ZMAX 

/36Ü0. 
•TPI/360Ü. 
•TPI/1000. 

AT(NM/AL0G(2.H-.5 

0. i   WL=SN0RM/FREQ $ FKR=2.»PI/WL 
ÜZ=ZMAX/FLOAT«N) 

00. 
♦URKM 
» FREÜ.ZKM »N.DZ,RANGE,NSTEP.DRKM 

♦ ACOUSTIC FREQUENCY  *tF4.0,* HI*// 
PTH *,E3.1t* KM   NO. OF OEPTH POINTS*,15, 
SIZE*,FH.2,* M*// 

^:b.^,*   KM   NO. OF RANGE STEPS*,15, 
SIZE*,F5.2,* KM*// 

E12.2,//» 
» 
) 

♦PLOT OF THE ACOUSTIC FIELD*// 
IMENSIÜNS ARE IN KILOMETERS*,// 
DuPTH ->*/ 

CJX,*0.0»9X*0.5*9X*1.0*9X*1.5*9X*2.0* 
3,ü*9X*i.5*9X*4.Ü*/» 
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SUSROUTINE   EIt,tNFNlGAMMA,K,WiWG,[)Z,NZ,FZN» 
CQMMüN   /fcGNFN/   F(257ifG(257»»ON(257I,QNSC257» 
REAL   K,KU 
DATA   CbfC2<»/. I660666b666b66, . O-t Ib6ö66t.öb0b6/ 
PJlXJ^liAMMAU^X-KU 
0AMMA«J=(DZ«GAMMA»**2 
KU=(DZ*K»**2 
F( H=FI=FZZ1=0. 
FZl=ÜZ 
G( 1)=G1=GZ1=GZZI = 0. 
OÜ   lUG   I=2tNZ 
F<1 = F1*.5*FZU.125*FZZI 
G2 = Gl*.5*GZi». 12!>*GZZl 
PU2 = PQ(UN(I-l> » 
F2 = F2-C2**(FZZUF2*PJ2» 
G2 = G2-C2^»(GZZl»G2»Pg2*F2*UN( I-IM 
FZZ2=-F2»PU2 
GZZ2=-G2*P02-F2*UN(I-lI 
F3 = FUFZUC6MFZZU2.*FZZ2» 
G3 = Gl*GZl*C6*(GZZl»-2.*GZZ2> 
PQ3=PÖ(QN(I)» 
FZZ3=-F3»P43 
GZZ3=-G3*P>J3-F3*(-Nt I ) 
F(l»=Fl=F3 
G< I>=G1 = G3 
FZl=FZl*Cb*(FZZl«-4.*FZZ2*FZZ3» 
GZl=GZl*CbMGZZU<».*GZZ2«-GZZ3» 
FZZl=FZZ3 

100   GZZl=GZZi 
H«-Fl 
WG=-Gl»0Z**2 
FZN=FZ1 
RETURN 
END 
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lü 

12 

20 

25 

3Ü 

31 

SU8R0U1INE EIGENVLlGAMMA,K,NORM,0N0RM,MODE»HERR,I ERR, 
.N£,DZ,HN,LRR» 
CÜMMUN /FoNFN/ F(2b7»,G(257>,QN(257I,ONS ( 257» 
COMMUN/I WAVES/ENU,FINER,A(9I 
REAL K, NUKM 
MtRR=0 
IERR=Ü 
DGMAX=.6/HN 
SGN=l. 
IF<M0U(MÜÜE,2>.EQ.U) SGN=-l. 
DU lü 1 = 1,lü 
CALL EIGfcNFN(GAMMA,K,W,wG,DZ,NZ,FZN) 
IF( SGN*»<G.LE.O.« GO TO 11 
DGAMMA=W/(2.*GAMMA*w&l 
IFJ fctJS(UGAMMA) .GT .UüMAXI UGAMMA=S 1 GNi UGMAX, DGAMMA > 
GAMMA=GAMMA-UGAMMA 
IF( AdSCüGAMMA/GAMMAKLE.EKR» GU TO 12 
CUNTINUE 
IEkR=l 
M=l 
£PS=DZ»*2*W/^G 
DO 20 1=1,NZ 
F( I)=F| n-EPS*G(I) 
Nl=NZ-l 
DU 25 1=2,Nl 
IF((Fn-l)*F(n.LT.Ü.».UR.Fm.EQ.O.» M = M«-l 
CUNTINUE 
MERR =M-MÜUE 
IFMERR.NE.O.UR.IfcRR.EU.l > RETURN 
0NÜRM=-WG*FZN/DZ 
RON=l./SükT(UNURM) 
SUM=Ü. 
SUMR=U. 
DU 30 1 = 1,NZ 
SUM=SUM*F(I»»»2 
fU )=F(I)*(UN(I» ♦ FINER**2) 
SUMf< = SUMR ♦• F< I )**2 
CONTINUE 
UNURM=l./SuRT(SUMR*DZ) 
DO 31 1=1,NZ 
FlI) = F(I)*UNURM 
NURM=UZ*SUM 
KETUKN 
END 
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SUbkUUlINt FFr842(N2P0WtX»Y) 
DIMENSION X(2)fY(2),LI 15»,CS(2Ü'»9>,55(20^91 
EQUIVALENCE{Ll5,L(lMt(Ll'»fL(2M»(Ll3,Li3M t(Ll2»L(4n.(LlUL{5)Ji 
llLlÜ,L(6»),(L9,Ll7)),iLB,L(ö»l,(L7,H9l»l(L6,L(l0n,(L5,L(llM,lL<» 
2,L(l2l),(LJ,L(l3n,lL2,Lll'»n,(Ll,L(l')n 
DATA LST /O/ 
NTHPU =2»»N2PUW 
NÖPnH = N2PlJW/3 
IFlNbPOW» 17,3,17 

17   LNC^NTHPU 
FLN&=LNG 
IF ILNG-LST) 171,173,171 

171 LST=LNG 
L)T = 6.2831853J7179/FLNG 
csi n = i. 
SSI 1»=Ü. 
TH = 0. 
ND=LST/8 
0Ü 172 1=2,ND 
TH=TH«-ÜT 
CS( I >= CJS(TH) 

172 SSI 1)= SIN(TH) 
173 00 l IPASS=1,N8PÜW 

NXTLT =2**IN2PQW-3*IPASS) 
LENGT =8*NXTLr 
SC=FLNG/FLOATILENGTI 
D0U = 1,NXTLT 
NRG = FLOAII J-l»*Sl.»l .5 
Cl^CSINKG» 
SI=SSINRG> 
C2=Cl**2-Sl»*2 
S2=C1»SI*C1»S1 
C3=CI*C2-S1*S2 
S3 = C2*S1«-S2*C1 
C<» = C2»»2-S2»*2 
S'» = C2*S2»C2»S2 
C5»C2*C3-S2»S3 
S5 = C3»S2<-Si*C2 
Co=C3**2-S3»*2 
Sö*C3*S3*C3»S3 
C7=C3*Ct-b3»S'f 
S7=C4*S3*S^»C3 
OOIISULÜ =LENGT ,NTHPÜ ,LENGr 
JÜ=ISiJLIJ   -LENGT   *J 
Jl = JJ*-NXrLr 
J2aJl*NXTLT 
J3«v{2»NXTLT 
J<t=J3*NXTLT 
J5»J^»NXTLT 
Jo=Jb*NXTLT 
j7 = Jö«'NXrLT 
AKÜ=X(JÜI»XtJ^» 
AR1 = XIJ1I    ♦•   X(J3I 
AR2»X(J2»*X(Jol 
AK3 = XI J3MXI J7I 
AR<, = Xl JO)-X(J<»» 
AK5 = X( jn-X<J5) 
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m ' " ' ■"-• 

18 

AKb=X(J2)-X(Jö) 
AK7=X(J3»-X(J7) 
Alü=y(Jül*Y(J^) 
AIi=Y(Jl)»y(J5) 
AI2 = Y( J2UYJ J6) 
AI J = V(J3>*Y(J7J 
AI<. = y( JOI-Y( J^) 
AIt) = Y( Jl )-Y(J5» 
AI6=Y(J2)-Y(J6) 
AI 7 = Y(J3I-Y(J7» 
bRÜ = AR0«-AR2 
tiKl = ARl«-AR3 
ÖR2=ARÜ-AR2 
tiK3 = ARl-AP,3 
ÖR^=AR^-AI6 
BRb=ARi-AI7 
8Rö = AR'«*AI6 
Bk7=AR5*AI7 
BIÜ=AI0*AI2 
dn = AI UAI3 
UI2=AIU-AI2 
liI3=An-AI3 
dU = A[<*«AR6 
dI5=AI5fAR7 
Ö16=AI*-AR6 
d!7=AI5-AK7 
X( JO»=BRO*-öRl 
Y( JJI=8IÜ*-öl.l 
IFU-U    2,2,16 
X(J1»=   C-V*« BR0-BR1)-S'V*{R10-BII ) 
Y(Jl»-C4*(BI0-Bll)*S4*(BR0-BRll 
XIJ2>=C2*(BR2-BI3)-S2*{BI2*6R3) 
Y( J2» = C2*(3I2«-BR3»*S2*<BR2-BI3) 
X(J3) = C6*C BK2*BI3)-S6*(rtI2-BR3» 
Y(J3)=Cb*(BI2-BR3)*S6*(bK2*BI3) 
TR=   Ü.7071J67B12*(8R5-BI,5» 
TI=0.7Ü7106 7812*(BP5«-BI5) 
X(J4)=C14<(6RAtTR)-Sl*(BI:4*TI ) 
V(J4)=Cl*(8l4>TI,l>Sl*(BR4*rR» 
Xi J5»=Ci»(BR4-TR)-S5*<BU-U » 
YlJ5l=Cb*(Bl4-TI»*!5*(BK^-TR) 
TR = -U.7ü7lü678 12*(bR7«-ßI7> 
TI=ü.7ü7lU6 7612*(bR7-0I7» 
X(J6)=C3*(BR6*TRI-S3»<BIbfTI» 
Yr»i6)»C3*(BI6*TI)Vs3*<BR6*TR| 
X(J7)=C7»(ÖRO-TRJ-b7*(rtIö-TI) 
Y( J7»=C7MBIo-Tl »♦$?'♦( BRb-TR» 
Gü   Tu   I 
X(Jl»=BRO-BKl 
Y(J1»=8IÜ-BI1 
X(J2»=BR2-ÖI3 
Y<J2»=öl2*ÖR3 
X( JJ)=BR2*BI13 
Y( J3) = riI2-6RJ 
TR=Ü.7071067812*(BR5-BI5) 
TI=U, 7071067812*(BRSfB It»» 
X( J^MBH^^-Trt 
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im 

Y(J4)=BI4>TI 
X(J3»=BR^-TK 
Y( J!>)=8U-TI 
TR=-0.707lOb7612»(BK7*BI7l 
TI=Ü.707lÜ6 7dl2*(BR7-HI7) 
X(J6>=BR6*TR 
Y( Jt>)=Bl6*TI 
X(J7>=BR6-TR 
Y(J7)=B16-TI 

1 CUNTINUE 
3 IF(N2POW-3*N8POW-l) !>l6t7 
6 UOölJ=l,NTHPU   f2 

Ri=X(J)>X(Jfl» 
xi j*n = x( J>-X( j + u 
XCJ)=Kl 
FIl = Y( JUY« J + l) 
Y(Jfl»=Y(J»-Y(J*l) 

61 Y(JI=F11 
CiüTüS 

7 UU7iJl=l,NTHP0   ,<t 
J2«Jl+l 
J3=J2*l 
J<»^J3«-l 
Rl=X<Jl>»X(J3» 
R2'X<Jl»-XlJ3» 
R3*X< J2>»X< J'»» 
R4=X(J2»-X(JV» 
Fn=Y( Jl)*Y( J3» 
FI2 = V(Jn-Y(J3> 
FI3=Y(J2»*Y(J4) 
FI<»=Y( J2)-YIJ<»» 
XCJU«KUR3 
Y(J1»=FI1»F13 
XIJ2»=RI-R3 
Y(J2)=Fll-FI3 
X(J3)=R2-FI4 
Y<J3)=FI2*R4 
XC J^)=R2»FU 

71 Y( J<.>=FI2-R^ 
5 0UilJ=l,l5 

L(J)=l 
IF(J-N2PÜW)    19,19,51 

19 L(J)   =   2**(N2P0W»1-J) 
31 CUNTINUE 

IJ=1 
DU8Jl=l,Ll 
DU8J2=Jl,L2fLL 
DUBJ3=J2,L3,L2 

( DU8J* = J3,L<»,L3 
ÜÜ8J5 = J^,L3,L<» 
D08J6=J5,L6,L5 
DJ8J7=J6,L7,L6 
OU8JB=j7lL8tL7 
DQ8J9*J8,L9,L8 
L)Ü8J10 = J9,L10,L9 
DU8Jll=JlO.LU ,L10 
ÜÜbJl2-Jll,U2,Ul 
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D0eUl3=Jl2,Ll3,L12 
L)n8Ji^ = J13,LU,Ll3 
Uü8JI=Jl4fL15,LlA 
IFIU-JI»   20,8,8 

20 H=X(IJ» 
A(IJ)=X(JI» 
X(JI|=R 
f-I=Y( IJ) 
Y< IJ>=Y<JI» 
Y(jn=Fi 

8 IJ»IJ^1 
REriJHN 
izHÜ 

SUBROUTINE    INIT 
COMMUN   /AOÜUST/   UR(2048»,UI(2048» 
COMMON   /NFACrs/   N,LN,NR,NTLOSS.NIT 

SGAIN=( .914V(iwmoRT(wL/PI I 
UU   10   J=l,N 
DfcPrM=DZ»FLÜATlJ» 
UR(J)=PRUFtutPTH)-PROF1-DEPTH) 

10   UI(J»=0. 
RETURN 
END 

SUBROUTINE   PHASE I 

CüS TAr'rl's   SM10^»^KnQ24)fSM(lO24l,CMn024) CUMMOKI /NFACTS/ N, LN, NR,NTLOSS,NI T 

F'K^/ZMA'A"
0
"' 

FReÜ'SNÜRM'ZMAX'GW'':^,0R,FKRtDZ,WL,PIfG3 

FN=FLüAT<N*2» 
00 10 K=1,N 
AK=FLOAT(K»«FK/FKR 
ANG=.5*DR»FKR«AK**2 
SK(K)=SI^(ANG»/FN 

10  CK(K>=CdS(ANG)/FN 
RETURN 
ENU 
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SUflRUUTINfc PHASE2 

KEAL SSMUOZ^ J,SSF( 1024 ),ALOSS( 1024) 

c"H:aN
N;^s^:^r;-rG"E,'Max-G",FG",o»>FK"iD''-i'','<:i' 

OATA ISTRT /O/ 
IFIISTRT .GT. U) liuro 100 
ISTRT=l 
ULW=.04»^MAX 
DLP=.05 
00 10 J=ltN 
OtPlH=Ol*H.O*JlJt 
BLÜSS»OLP«EXP(-(IDtPrH-£HAX»/üLWl»*2) 

10 ALObbU»=fiXP(-UR*ÖLOSS» 
üü tO   J=lfN 
OEPTH=DZ*KLÜAT(J| 
ARG=2.*I0EPTH-ZAI/ZK 

20 SSM(J»«CA»GEE»(Z^/2.J*(ARG-1.+EXP(-ARGN 
Du JO J=lfN 
EN=SNOKM/SSM(J» 

30   SSM(J»=,5«FKR»DR*<EM*i.)*(EN-l.I 
100   CUNUNUE 

CALL   RNDMF(SSF) 
DO   120   J=1,N 
ANG=i>SM(J»fiSF<JJ 
SHCJ»=ALübS(JI*SIN(ANG» 

120 CM(JJ=ALÜSS(J)»CÜS(ANG) 
RETURN 
END 

SUßROUTlNh PRINTP 

CriMMJN/ACUUSr/UR(2U^a» ,01(20^8» 
COMMON/NFACTS/N.LN.NR.NTLOSS.NIT 
CÜMMÜN/VAR/R,IR 
INTEGER P(32» 
ISK=N/32 
RAN=R/lüOO. 
DO 10 J=lf32 
l"1« J-l)*ISK*l 
P0W=URn)»*2»UI(n*#2 

10 «,(J»=-10.*ALUG10(>'0W/K*1.E-100» 
WRITEj6t20» RAN,P,IR 

20 FÜRMAT(F7.2,3X,3213,15» 
RETURN S END 
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FUNCnUN   PS(KfMOUfc» 
REAL   K 
CÜMMUN   /IWAVfcS/    fcNU,F!NhK,ÜZ,LZMAXfNZtAKMAX,NK,NMJOE , 

1   SIG.TIM.JSTAR 
OATA   IST«!    /O/ 
DATA   PI   /J. 1'V15S^6!>36/ 
H(X» = (TI *-!.»♦( I.♦X)**(-Tm 
IF( ISTRT.NE.OJ    CiU   IU   IÜ0 
ISTRT=l 
S = f:INtR/ENO 
AKO=l./BZ 
AA = FLOAI(JSTAR »*PI*S*AKO 
AM=AKMAX/FLOAT(NK) 
CUEF = AKl*SIG«'»2MBZ/3. )*(^.»S)*AKO 

lüü ALAM=FLUAT(MÜDt»/FLOATlJSrAR> 
AKREF=AA»ALAM 
PS=CUEF*K**2*ÄLAM*H(ALAM)/(K**2+AKREF**2J**2 
RETURN 
END 
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SUBROUTINE KNDMF(SSF» 
REAL SSF<U,SST(257),Y2:(257I»AZ(257I 
CUMMUN /IWAVEb/ fcNOtKINERiB/,EZMAXtNZ»AKMAXtNK,NMOOE, 

I bIGiriW,JSTAR 
LARGE EFR(256,257),EFI(2i6t257) 
COMMON /NFACTS/ N,LN,NRiNILOSS,N[T 
COMMON /AFACTS/ FREU,SNOKM,ZMAX,GW,FGW,OR,FKR,OZ,WL,PI 
COMMON /VAK/ R,IR,TtIT 
REAL ESK(256»,ESI 125b» 
REAL SPC») 
DATA ITT /O/ 
I.F( IT.EU.ITT) GOTO 100 
I.TIMF 
DO 1 1=1,N 

1 SSF(I»=G. 
IFISIG.EÜ.O.J GOTO 1U0 
NX=2*NK 
rpi=2.*Pi 
DX=PI/AKMAX 
SR2=l./SQKT(2.»       ^ 
FCTR»FKR*OR 
UEZ=EZMAX/FLOATINZ-I» 
RüfcZS=l./DEZ**2 
CALL ZMODEJ 
LNX = ALüGIFLOAr(NXI I/ALOGl2.I♦. 5 
DO 2 IZ=1,NZ 
00 21 1L=1,NX 
ESR(IL) = EFR(IL, IZ) 

21 ESKILMEFKIL, IZ) 
CALL   FFTö^2<LNX,ESR,ESn 
00   22    IL=1,NX 
EFRIIL,IZ>=ESK(1L» 

22 EFKIL, IZNESKILJ 
2 CONTINUE 

DSUM=G. 
L = 0 
DO   i>   IZ=1,NZ 
SUM=0. 
DO   4   IX=1,NX 
£FRnx,IZ» = SR2*(ErR(IX,IZ»»fcFI( ix,izn 

^      SUM=SUM*EFRnx, IZ»**2 
S0M=SUM/FL0AT1NXI 
L*L*1 
SP(LI=SOM 
IFIL.LT.^»   GOTO   b 
L = 0 

5     DSUM»DSUM*-SOM 
OSUM=üEZ»USUM 
MR1TE(6,91) DSUM 

90 FORMATIIH ,15f4X,*E1*.5J 
91 FORMATdHO,* Z INTEGRAL OF DC/C SQUARED = *tEl*.5,/I 

IKSKP=INT(UX/DR*.l» 
IZSKP = FLüAT(N»/FLÜAT(NZ-l)«-.5 
RRSKP=1./FLOAT!IkSKP» 
KZSKP=1./FLQAT(IZSKP) 
AZ(1)=AZ(NZ)=YZIl»=0. 
NZ1=NZ-1 
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IÜO 

104 

108 

HO 
115 

WO 

130 

140 

150 

CUN 
IF( 
IX = 
IXP 
IFl 
00 
SSI 
GU 
JR = 
U=F 
V=l 
DU 
SST 
CÜN 
ÜÜ 
vzc 
TEM 
Mi 
DO 
IZ = 
AZ( 
DO 
DO 
U = 
U=F 
V=l 
SSF 

l   DZ 
CÜN 
DU 
SSF 
KET 
END 

T1MUE 
SIL..E 
MUD( I 
1=IX* 
IKSKP 
104 I 
tIZ) = 
TU 11 
MdD( I 
LUAT( 
.-U 
110 I 
IIZ) = 
TINUE 
120 I 
IZJ=1 
P=(SS 
IZ( = ( 
130 I 
NZ + 1- 
IZI=A 
140 I 
140 J 
IZSKP 
LUAT( 
.-U 
( IZJ = 

TI^UE 
150 I 
(1)=- 
UKN 

U.O)   RETURN 
IR-l»/IRSKP,NX)-fl 
1    %   IF(IX.EQ.NX»IXP1=1 
.OT.l»   GUTU   108 
Z=1,NZ 
EFRdX.IZ» 
b 
R-liIRSKPI 
JK)»RRSKP 

Z=1,NZ 
U*tFR(IXP1,IZ >+V*EFR(lXfIZI 

Z*2,NZ1 
./(4.-YZ( iz-n I 
TlIZ*U-2.*SST(IZ)»SST(IZ-n)*RDeZS 
TEMP-AZ(IZ-1>)»yZ(IZ» 
a=2,Nzi 
IB 
ZJ1Z)-YZ( IZ)»AZUZ*l» 
=liNZl 
= 1,IZSKP 
♦( I-1UJ 
J»*RZSKP 

U*SSM U1I*V*SST( I I- 
•v*iAZ(n*(i.>v)*AZ(i*i>*(i.*un 

= 1,N 
FCTR*SSF(I» 
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SUHRUUTINfe TAPElWdFL» 
CüMMUN/AFACTS/AF(III 
CÜMMÜN/NFACTS/BNF15) 
COMMÜN/MUNK/UMU» 
COMMON/IWAVES/BIW( 11» 
C0MMÜN/STEP/STEI4I 
C0MMUN/SAV/SAVR(lÜ0,4»tSAVII100,^» 
CüMMüN/ACüUST/UR(204d),01(204«) 
CUMMUN/VAR/R,IRfT, IT 
EQUIVALENCE (NSAV,STE(3)) 
ÜIMENSIÜN BI2850» 
GU TO (100,200,300) IFL 

100 CONTINUE 
L = 0 
DO 1 I = 1,11 
L = LM 

1 t3(U=AF( I ) 
DU 2 1=1,5 
L = L»1 

2 b(L»=aNF(I) 
DU 3 1=1,4 
L»LM 

3 B(L>=UM(I) 
DU 4 1=1,11 
L = LM 

4 B(L)=BiW(I) 
DO 5 1*1,4 
L«L*1 

i B(U = STE( I) 
WRITE! 101 L,(B( I >,I = 1,U 
RETURN 

200 CONTINUE 
B(1)=R 
B(2»=r 
L = 2 
DU 31 1=1,1024 
L = L*1 

31 B(L)=OR(I) 
DO 32 1=1,1024 
L = LM 

32 B(L)=OI(I) 
DO 33 1=1,4 
00 33 J=1,NSAV 
L»L*1 
B(L)=SAVR(J,II 
L = LM 

33 B(LI=SAVI(J,I) 
MRITEIIO) L,(B(I),I=l,Li 
RETORN 

300 CONTINUE 
tNDFIl.E 10 
ENOFIiE 10 
RETURN 
END ' 
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SUbRüüTINE   UrtS 
CUMMUN   /ACUUSr/   UR< 20<t8 » , Ul ( 2048 » 
COMMON   /PHASES/   SK(l024l,CMl024)f SM( 1024),CM(1024) 
COMMON   /NFACTS/   N,LN,NR.NFLüSS,NI T 
COMMON   /AFACrS/   FREQ,SNOKM,ZMAX,&W,FGW,DR,FKR,DZ,WL,P[,GT 
NMl=N-l 
N2=N*2 
DO   10   J=ltNMl 
ÜR(J*N)=-UK(N-JI 

10     UIU*N)=-UI(N-JI 
0R(N2I=0. 
Ul(N2»=0. 
CALL   FFTd42<LN4-l,UR,UI » 
DO   20   J=ltNMl 
JPl«J*l 
TEMP=CK( J»»UR(JPl)-SK( J)*UI(JPU 
01 ( JPl »=-CK( J»*UI ( JPl »-SK( J»*ORUPn 
URCJPn = TEMP 
JN2=N24-l-J 
rEMP=CK( J>»UR( JN2)-SK( J)»Un JN2> 
OKJN2»=-CK(J»*01(JN2»-SK(J»*0R(JN2I 

20      0R(JN2»=TfcMP 
JR(H=UI( 1)=0. 
ÜR<N*-l »=0I (NM >=0. 
CALL   FFTö't2<LN*l,0R,UI ) 
00   30   J=1,N 
rEMP«CM(J»«ORtJ>-SM(J>*OIiJ) 
OI(JI = -CM( J>»ünj)-SMC J»*UR(JI 

30      OR(J»=TEMP 
RETURN 
ENÜ 
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bUBRÜUTlNt ZMUÜEJ 
CUMMdN /IWAVtS/ fcNÜ»FINEK,BZfEiMAX,NZ,AKMAX,NK,NMüDEf 

1 MG.TIW.JSTAR 
LARGE EFf((256f257l fEFI(256,257l 
CUMMON /EGNFN/ F(^^7ItG(257>lgNJ257»,QNS(257J 
CüMMÜN /VAR/ R,IR,TtIT 
REAL TK(2 57>,ARt25t>,2^»,AI(256t2^> 
REAL GSVJ25b,2<t» 
REAL K,KMAX,NÜRM,KCY 
DATA PI.ERR /3 . I <♦! 5926536 , 1. E-10/ 
UATA ISTKT /O/ 
IFt ISTRT.NE.O» GüTU 20 
ISTRT=1 
rPJ=2.*PI 
KMAX=AKMAX $ ZHAX=EZMAX 
DZ=ZMAX/(NZ-n J DK = AKMAX/FLOAT(NK» 
NK2=NK*2 
UUH--Ü 
Oü 10 I=l(NZ 
z*DZ*t i-n 
TEMP=ENU»*2*fcXP(-2.*Z/BZ»-FINER»*2 
TEMP=AMAXI(0.,TEMP) 
QN(NZ»l-l»»TEMP 

10      ONS(WZ*l-I MSäRKTEMP» 
HN=ENÜ«IBZ»( l.-EXP(-ZMAX/aZ) » 
Du   12   IK=l,NK 

12      rKJIk)»DK*MK-ll 
20      CJNTINUE 

IF( IT.Nfc.H   GÜ   TQ   26 
DJ   25   MGOE=l,NMUDE 
DO   2^   lKxlfNK2 
K=DK»AMI.NünK-l,NK2*l-IKI 
P0W=-2.*PSlKfMüüt)*ALUGlKANF<OUM)*l.E-lOO> 
AMP«SöRT(POWi 
ANG=TPI«RANF(DUM| 
AR(lK,MÜDt)=AMP»COS(ANG» 

24   AK IK,MOüE)=AMP*SIMANG) 
ARlNK^i.MUüEMO. 

25 AI(NK*1,MÜDE)=0. 
26 CGNT1NUE 

DU 27 IZ=1,NZ 
DU 2 7 IK=ltNK2 
EFKdK.IZ^O. 

27    EFKIKf IZ)«0. 
1 Üü 30 MUOE=ltNMUDE 

GAHMA=<FLÜATiMÜDE»-.251♦PI/HN 
UG«OÜG=0. 
DU 30 U=l,NK 
K=TK(IKI 
GAMMA«GAMMA*DK*(ÜG*.5»6DG) 
IFdT.NE.U GAMMA = GSVt IK.MUDE) 
DGl=ÜG 
CALL EIGENVL(GAMMAfK,NURMfONURMtMÜDE»HERR.IERR, 
.MZ,UZfHNt,ERRI 
IFIMERR.EQ.O.AND.IERR.EQ.0> GU TQ   33 
KCY=5Ü0.*K/PI 
PRINT 302,MODEfKCY.MERK,IERR 
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30^   FQRMAT(/M0X,29heiÜENVL   FAILED   TO   CONVERliE   AT,/ 
• '»SXtSHMODE   f I2,/'»bX,llHwAVENÜMBEP   ,F   *.2/ 
* <f5X,7HHEHR   =    , I 2/'tbX , 7H I EKR   =    ,12) 

STUP 
33 KAT=NUKM/UNÜRM 

UG^ + R AT/GAMMA 
DOG=üG-UGl 
IF(IK.Eü.l)   DI)G=UK*RAT/GAMMA 
IF(IT.EO.l)   GSVIIK,MGDE»=GAMMA 
FlW = SgRT(HNER**2*lK/GAMMA)«*2) 
cw=cus(Fiw*r) 
SW=SIN(Flw»r) 
IL=NK2«-2-IK 

IF(IK.EQ.U    IL = NK*1 
ARl=AR(IK.MOÜE) 
AI1=AI(IK,MÜDE» 
AR2=AR(IL,MUDE» 
AI2=AI(IL,MUJE) 
DO   35   IZ=1,NZ 
JZ = NZ«-1-IZ 

EFR<IK,U) = £FR<1K,IZ>*-F(JZ)*(AR1*CW-AU*SW) 
EFUIKf IZ)=EFI(IK,IZH-F(JZ)*(ARI*SW*AII*CW| 
EFR(IL,IZ)=EFR{IL,IZ»»F{JZ)♦(AR2*CW-AI2»SW» 

35   EFniL,IZ» = EFint,IZ»*F(JZ)*(AP2*SW*AI2«CW» 
30      CUNTINUE 

RETURN 
END 
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LOAD MAP, 

FL RbÜUIkeü TO LUAU l^750U 
HL KEUUIKt:U TU HUN 137ÜU0 
INITIAL TRANSFFK TO USER 27611 

BLOCK ASSIGNMENTS. 

BLOCK 

/NFACTS/ 
/AFACTS/ 
/VAR/ 
/ACOUST/ 
/STOP/ 
/PHASES/ 
/BFOR/ 
/MUNK/ 
/IrtAVES/ 
/SAV/ 
/STEP/ 

USER 
PKINTP 
TAPEIW 
DAYFUUL 
RNÜMF 
/EGNFN/ 

ZMODbJ 
EIGENVL 
ElOtNFN 
PS 
uws 
INIT 
PHASEl 
PHASE2 
FFTh42 
ACGOER 
ALNLUG 
ENDfIL 
EXP 
IBAIEA 
ÜUTPTÜ 
OUTPTC 
RANF 
RBAREX 
KUNSYS 
SJNCUS 
SQKT 
STATUS 
TIME» 
CPUCIQ 
CPUSYS 
KODER 
RUNIOP 
SVSTM 
// 

ADDRESS LENGTH FILE 

1ÜO 5 
105 13 
120 4 
IZ* lOOOO 

loiz* 1 
10125 10000 
2Ü125 6000 
261^5 4 
2ol3l 13 
2614^ 1440 
27604 4 
27610 1541 L50 
31351 137 LGO 
31510 5660 LGO 
37370 170 LGO 
37560 3135 L5C) 
42715 2004 
44721 45154 LGO 
112075 230 LGO 
112325—,^ 236 LGO 
1125o3 ^ -44,1 LGO 
112714 134-- --.LGO 
113050 75 Lgtr-- 
113145 54 LGO 
113221 6161 LGO 
121402 11242 LGO 
132644 10 SYSLIB 
132654 no SYSLIB 
132764 11 SYSLIB 
132775 53 SYSLIB 
133050 31 SYSLIB 
133101 31 SYSLIB 
133132 50 SYSLIB 
133202 24 SYSLIB 
133226 57 SYSLIB 
133305 303 SYSLIB 
1)3610 72 SYSLIB 
133702 42 SYSLIB 
133744 26 SYSLIB 
133772 37 SYSLIB 
134031 506 SYSLIB 
134537 53 SYSLIB 
134612 1235 SYSLIB 
136047 323 SYSLIB 
136372 322 SYSLIB 
136714 36 
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Appendix 

CUBIC  SPLINE   INTERPOLATION 

The   subroutine  RNDMF uses  cubic  splines  to  interpolate   the   velocity 

profiles   from   the   coarse  mesh  on  which   llic   random   internal   wave   field   is 

computed,   to   the   liner mesh  on  which   the  acoustic   field   is   stored.     The 

theory  behind   this   is  as   follows. 
/ 

We   want   an   interpolation  formula   for   the   function  v(z) ,   frivon  the 

mesh  points  z.   (i  =   l,2.,.,n+l)   and   function  values  v.   (i=l,2 n+1). 

Let 

Azi  = Ziil  " Zi     '       i =  1'2'"-'n (A-la) 

AVi  =   (Vi+l  ■V
i
)/Az

i       '       i = 1,2 n        . (A-lb) 

In   the   interval   z.   ■■   z s   z ,   define   the  weight   functions 

w =   (z -  z  )/Az (A-2a) 

W.=  1  -   w , (\-r>\^\ (A-2b) 

In each such interval, write v(z) as a cubic polynomial continuous at 

the mesh points as follows: 

2      3 3 
v(z) = wv, + wv,   t- (Az )" |a (w  - w) + a   (w  - w)] 

i    1+1     i     i it-i 

wv. + wv   - (Az.)" ww |a.(w)l) + a   (w+1)] 
i    ill     i       i        i t-1 

(A-3) 

■ 

■v; 

>l 
,■ 

Vs 
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The   lirst   two   terms glve  a   iilu:,;n.   interpolation  and   the   Last   terms give 

a   second-order correction   (cubic   in z)   using   the  undetermined coefficients 

n.   which   are   essentially   the   second  derivatives   at   the  mesh   points.      From 

Eq.    (A-3),   we i nd 

v' (/.) - Av + Az 
i    i 

-a. \3w  - l) f a   (aw  -l) 1 i -i-1 

v"(z) = G a w + a  w 
i    1+1 

(A-4) 

(A-5) 

Equations (A-3) and (A-5) show that the selected way of writing viz)   makes 

both v and v" continuous functions of z fand Incidentally Eq. (A-5) shows 

that v"(z.) = 6a.].  In order to make v'(z) continuous, we match values 

of v'iz^   using Eq. (A-4) in the two neighboring intervals.  This yields 

the condit ions 

tv    + Az./a.i- 2a.  \ = Av   - Az   /2a    (• a   \ 1     MI    ^ii     i+i     i+irai+i   ai+2) 

which can be put in the form: 

for i = 1,:-' n-l. 

To make this system of linear equations for the a. determinate, we 

choose ai := an+i = 0.  This amounts to the assumption that v(z) is linear 

in z at the two end points of the interpolation region (top and bottom of 

the ocean). 

Equation (A-6) is a trl-dlagonal system and is most efficiently 

solved numerically using the "double sweep" method.  Look for a solution 

of the form 

a  = r. , - s  a 
i    1+1    i+1 1+1 i = 1 n (A-7) 



Substituting Eq.   (A-7)   into  (A-8)   givos  recursion  relations   for  r    and 
i 

s    as  follows: 
i 

lav    - Av       \   - Az       r 
\     i 1-1/ i-1   i P.      in 1 

(A-8) 

where   p.   =  2(Av.    ,    i-  Av   )   - Az       s        ,     i  =  2 n 
i i-l i i-li 

Combining  Eqs.   (A-7)   and   (A-8)   wc  obtain 

Az 

i + 1        p. 
,     i   = 2.. . . ,n (A-9) 

14 
Av    -Av        - Az       r 

i i-l i-l   i 
/P.        ,1=2,, (A-10) 

The   starting  values  of  these   right-sweeping  recursion  relations  are 

r    =   s^   =  0   (as   follows  from a    =  0).     The   full  procedure   is   therefore 

the   following.     Starting with  r    = s     = 0j   compute   pi   from Eq.   (A-8), 

then  compute   s     and   r     from Eqs.   (A-9)   and   (A-10),   and again  use  Eq.   (A-8) 

to compute  p   ,   then Eqs,   (A-9)   and   (A-10)   to  compute   s    and  r   ,   and   so  on 
3 4 4 

until   one  obtains   s and   r       ;   then use   the   left-sweeping  recursion 
n+1     n+1 

relation in Eq. (A-7) starting with a   = 0 to compute successively a , 
n+1 ^  n 

n-1 
i , a 

The values of a. computed in this way are then used in Eq. (A-3) to 

compute interpolated values of v(z) where needed. 

A special case of this n.ethod is when Az = const (say, Az  = Az) 
1 i 

for all i  ,  Equations (A-8), (A-9), and (A-10) can then be simplified 

to: 

1 

i+1  4-s 
(A-ll) 
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i + 1 
(Av     - Av 
I      1 1-1 

(AZ) 
ii-1 (A-12) 

ll)1'  1       2,.,.,11     .     Equation   (A-7)   is   then used   to compute »mpu i e :i 
1   :    »,...,2   ;   und   E"q"r"~fA«3.)   gives   v(z)   for  any   z. 
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2 3 
OCEAN DEPTH — km 

FIGURE 1 DETERMINISTIC SOUND-SPEED PROFILE AS A FUNCTION OF 
OCEAN DEPTH. The value of c at the minimum (zA = 1300 m) 
is c(zA)  »  1500 m/s. 
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0.5   cyclifs/km 

FIGURE 2 SOUND-SPEED PROFILES DUE  TO INTERNAL-WAVE 
MODES.    Realistic internal-wave spectra have significant 
intensities for horizontal wave number, k, less than about 
0.5 cycles/km.    Note that the major internal-wave contri- 
butions to sound-speed fluctuations occur at depths less 
than 1  km. 
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FIGURE 3       INTERNAL-WAVE SPECTRUM  AS A  FUNCTION OF MODE 
NUMBER j AND  HORIZONTAL WAVE-NUMBER k.    Although 
large mode numbers contribute verry  little to the overall spectrum, 
they are crucial to understanding acoustic effects, since their vertical 
structure allows them to act as a scatterer of acoustic energy more 
readily than the relatively structureless low modes. 
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OCEAN DEPTH — km 

FIGURE 4       TYPICAL SOUND-SPEED  FLUCTUATION  PROFILE  INDUCED  BY  INTERNAL 
WAVES 
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FIGURE  5      ANALOGY  BETWEEN  (a)  AN ACOUSTIC  RAY 
PROPAGATING IN A SOUND CHANNEL 
CHARACTERIZED BY c (z), AND (b) A 
SCHRÖDINGER-EQUATION WAVE PACKET 
IN A POTENTIAL WELL V(z) 
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DEPTH —km 

FIGURE 6       ANALOGY  BETWEEN  (a)  AN  ACOUSTIC-WAVE 
FUNCTION TRAVELING DOWN THE SOUND 
CHANNEL WITHOUT SPREADING  IN  DEPTH, 
AND (b) A SCHRÖDINGER-EQUATION GROUND- 
STATE WAVE  FUNCTION  IN A POTENTIAL WELL 
V(z).    Time In the Schrodlnger situation corresponds 
to range in the acoustic case. 
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